Due to late maturation and a low reproductive rate, the trend of a grizzly bear population is most sensitive to a change in female survival (Knight and Eberhardt 1985 Minimizing grizzly bear mortality, particularly of adult females, is the key to grizzly bear conservation in small, threatened populations (U.S. Because grizzly bears are difficult to capture, frequently lose radiocollars, and usually have low mortality rates, individual research projects rarely collect sufficient information on mortality factors to make general inferences. In addition, factors influencing mortality rates and causes 911 may vary among areas, making extrapolations potentially misleading. We used data from several telemetry-based studies in areas with a variety of management goals to estimate and compare grizzly bear mortality rates and causes. We also estimated the proportion and types of grizzly bear deaths that would not have been recorded by management agencies unless the grizzly bears had been radiocollared.
STUDY AREA
We used data from 13 study areas in the Rocky and Columbia mountains of British Columbia, Alberta, Montana, Idaho, and Washington collected between 1975 and 1997 (Fig. 1) (Carr 1989 , Wielgus and Bunnell 1994) study areas were almost equally in and out of parks. The Eastern Slopes and Upper Columbia study areas contained rural and urban settlements both in and outside park boundaries.
The remaining 6 study areas were primarily outside protected areas, but radiocollared grizzly bears used adjacent parks and designated wilderness. Intensity of human uses varied among these 6 areas. In the South Fork of the Flathead River (SF Flathead) study area, multiple-use lands with extensive forest management and outdoor recreation met an abrupt transition with rural and urban areas (Mace and Waller 1997a). Rural settlement, ranching, and some oil and gas development occurred within the Blackfeet study area. There was limited human settlement in and adjacent to the CabinetYaak, North Fork of the Flathead (NF Flathead), and Selkirk study areas. Timber harvest was common in these areas, as was gas exploration in the NF Flathead. There was only 1 residence in the Revelstoke study area, but timber harvest was common.
Grizzly bear hunting was regulated by a quota for guides and their nonresident clients and a limited entry draw or lottery for resident hunters in Alberta and British Columbia. A strict quota system was permitted in Montana, excluding the Cabinet-Yaak areas, until 1991, when hunting was closed. Grizzly bear hunting was not permitted in Idaho or Washington. The NF Flathead and Revelstoke studies were the only areas that had grizzly bear hunting over most of the study area and over the duration of study. Hunting for other species was permitted in all study areas, excluding portions in national and some provincial parks.
METHODS
Grizzly bears were captured for research purposes with foot snares or in culvert traps set throughout the study areas, and immobilized to allow handling. Some grizzly bears were darted from a helicopter. No grizzly bears were first captured as problem animals. A premolar was removed from subadults and adults for aging (Stoneberg and Jonkel 1966), and grizzly bears were classified as cubs (<1 yr old), yearlings (1 yr old), subadults (2-5 yr old), and adults (-6 yr old). Except for bears captured and radiocollared before 1980, radiocollars were attached with a canvas connector that decomposed and allowed the radiocollar to drop from the grizzly bear after a planned amount of time (1-5 yr). Not only did these canvas connectors result in fewer neck injuries, but radiocollars were usually shed when transmitting; hence, fates of grizzly bears at the end of the monitoring period were clear. Most radiocollars were sensitive to movement and changed pulse rate after 4-6 hr of inactivity, after the radiocollar was shed, or the grizzly bear had died.
Cause of death of radiocollared grizzly bears was determined by a variety of methods. The Cascade Valley and Waterton studies relied on ground tracking, but none of the grizzly bears in those studies died while being monitored. In the other studies, radiocollared grizzly bears were located from fixed-wing aircraft 2-8 times/ month in addition to supplemental ground tracking. If a change in radio pulse rate was detected, the site was investigated, usually within 1 week, and the dropped radiocollar retrieved or the cause of mortality determined. Because radiocollars on hibernating grizzly bears often switch pulse rates, 2 grizzly bears that died during or near to the denning period were investigated several months after they had died. Grizzly bears killed as problem wildlife, for defense of life or property, taken legally by hunters, and some illegal killing were reported to or investigated by conservation officers.
Mortalities were first classified as natural, human-caused, or unknown. Deaths were classified as natural when a natural cause was evident. In 3 cases, deaths were classified as natural without clear evidence of a natural cause, but the carcasses were found in locations rarely if ever visited by people. In some cases, it was not possible to determine whether a death was natural or human-caused. These mortalities were classified as unknown.
Mortalities classified as human-caused were further categorized by the apparent reason: (1) legal hunting; (2) malicious, where the animal was shot and left for no apparent reason; (3) management problem, when the bear was near buildings, camps, or livestock, and killed or removed by a wildlife official; (4) citizen's problem, when a citizen shot the bear for being near buildings, livestock, or a camp; (5) self-defense, when a person thought their safety was threatened; (6) poached, when the animal was hunted but killed illegally; (7) accident, such as a vehicle collision; (8) unknown, when a radiocollar had been cut off; and (9) research, when death was capture-related. Deaths due to research were excluded from analyses. The legality of killings was not specifically addressed, because of different laws among jurisdictions and inconsistencies in legal systems.
Suspected human-caused deaths were recorded when the radio signal from a grizzly bear that had been located near human residences or camps disappeared prematurely. For example, when 2 radiocollared subadults that traveled together disappeared concurrently after being located in an area with many homes, their deaths were suspected. In another case, not only was the radiocollared grizzly bear located near a hunting camp before the radiocollar disappeared, but a blood trail was found at the camp.
For each confirmed or suspected grizzly bear mortality, we determined whether or not the management agency would have recorded the death if the animal had not been radiocollared. Unrecorded cases were those only reported by researchers after the radiocollar changed pulse rate and the site was investigated. There was a chance that some of these dead grizzly bears may have been found and reported. However, after cause of death was ascertained, carcasses were usually left in the field, and in no cases were they later reported. Similarly, grizzly bears were not discovered if they were killed and had their radiocollars cut off and discarded.
Although we assumed grizzly bears monitored during each study were representative samples for that time and place, we were forced to pool data because of small sample sizes. Data were pooled by study areas into groups with similar management goals and geographic proximity. The Jasper, Cascade Valley, Eastern Slope, Upper Columbia, Yoho-Kootenay, and Kananaskis studies were based in the contiguous Canadian national and provincial park complex. Some radiocollared bears moved between 2 or more of these study areas, so data were pooled into the study area group called Mountain Parks. Because Waterton and the Blackfeet Indian Reservation are adjacent and some bears moved between study areas, they were pooled and called the Blackfeet-Waterton. Although the Cabinet-Yaak is geographically separated from the Selkirks, we pooled data from these studies because management objectives were similar. The NF Flathead and SF Flathead study areas were geographically isolated and had large enough sample sizes to remain separate. Data from Revelstoke grizzly bears were not used in survival rate calculations, because sample sizes were small and geographic isolation prevented pooling with other studies. Revelstoke data were used in cause of death analyses.
Survival rates were estimated for each sexage class (ad M, ad F, subad M, subad F) from each study area group via censored data from grizzly bears that were tracked for a minimum of 20 days. We used the following Kaplan-Meier estimator described by Hovey and McLellan (1996) We applied Equation 1 to our data by using the following procedure. For each grizzly bear, the dates radiotracked were partitioned into week of the year. The sample at risk (Rij) was increased by 1 for every week that a grizzly bear was radiotracked. Grizzly bears that were radiotracked >1 year had 1 record added to R/j for every year they were monitored during weekj. If the grizzly bear died, then Dy was also increased by 1. Grizzly bears that lost radiocollars during weekj were treated as censored and Rj was reduced. If these individuals were recaptured, they were added to the sample at risk as a new record. Because grizzly bears were not radiocollared simultaneously, we treated the radiotracked sample as a staggered-entry design (Pollock et al. 1989). We used 5,000 bootstrapped samples (Efron and Gong 1983) to estimate bias and standard errors.
We tested differences in survival rates among study area groups and sex-age classes via an unbalanced, 2-way analysis of variance (ANOVA; Montgomery 1991). We performed a prospective power analysis of this ANOVA to determine appropriate sample sizes for future research based on our results (Cohen 1977) . For the power analysis, both minimum and maximum power curves were derived via the mean square error of the ANOVA, with the experimentwise error rate and detectable difference set to 0.05. Differences in mortality rates associated with different causes were analyzed as a 1-way AN-OVA with sex-age class as the design factor. We used the method of least-significant difference (Milliken and Johnson 1992) to test for pairwise differences between levels of significant factors. For these tests, we used Bonferroni's correction to determine the significance level. The power analysis and calculation of F-ratios, t-statistics, and P-values were performed with SAS programs (SAS Institute 1988) we developed for these analyses.
Because each jurisdiction had different management goals, practices, and laws, it is most valuable to discuss results by jurisdiction. For this reason, we summarized causes of mortality by jurisdiction. Unfortunately, survival rates could not be estimated for each jurisdiction, because radiocollared grizzly bears frequently moved among them. Instead, we calculated survival rates by sex-age class for each study area group.
RESULTS
A total of 388 grizzly bears was radiocollared and monitored for a total of 704.4 radiotracking years in the 13 telemetry studies. Of these grizzly bears, 90 (23%) were known to have died and 9 (2.3%) were suspected to have died while radiocollared. Seven of the 90 known deaths subadult females were not different, but all were greater than the survival of subadult males (Table 1) . Given the variability in survival rates and time that grizzly bears carried functioning radiocollars, our results indicated that about 42 grizzly bears should be radiocollared in each of the 16 sex-age study group categories to be 80% sure of detecting a survival rate difference of 0.05 (Fig. 2) . Depending on how the 9 suspected deaths and 5 deaths from unknown causes were treated, people caused 77-85% of the grizzly bear deaths ( Table 2 ). Reasons that people killed grizzly bears varied among jurisdictions. Grizzly bear hunting was legal in British Columbia and Alberta, but it was only a major cause of mortality of radiocollared bears in British Columbia, where it accounted for 39-44% of the deaths. Ungulate hunters killing grizzly bears in selfdefense, hunters mistaking a grizzly bear for a black bear (Ursus americanus), and malicious killing were major causes of grizzly bear deaths in Montana. stock or being near homes or camps was a major mortality factor in several jurisdictions. Poachers rarely killed radiocollared grizzly bears, and there was no evidence of a radiocollared grizzly bear dying after being wounded by a hunter (wounding loss). People killed grizzly bears for unknown reasons in most studies. Without the aid of radiotelemetry, management agencies would have been aware of only 46-51% of radiocollared grizzly bear deaths and 54% (if the 5 unknowns and 9 suspected were killed by people) to 66% of human-caused deaths. A large proportion of radiocollared grizzly bears in British Columbia was killed legally and reported by hunters, but even in British Columbia the management agency would have recorded only 53-59% of the mortalities and 67-83% of the human-caused deaths. In Montana, where there was little legal hunting of grizzly bears while radiocollared grizzly bears were being monitored, and no radiocollared grizzly bears were shot by hunters, agencies would have recorded 38-41% of the deaths and 44-55% of the human-caused deaths.
Mortality rates due to hunting differed among sex-age classes (F3,425 = 4.17, P = 0.006), with adult and subadult males having similar rates that were higher than adult or subadult females. Mortality rates due to a combination of management and citizen control killing also differed among sex-age classes (F3,425 = 4.06, P = 0.007), with subadult males having a higher rate than the other 3 age classes. Mortality rates from a combination of the clearly illegal categories of poaching, malicious killing, and killing for unknown reasons (radiocollars cut off) did not differ among sex-age classes (F3,425 = 1.89, P = 0.131). Mortality rates from other human causes (accidents, misidentification, self defense) differed among sex-age classes (F3425 = 2.80, P = 0.040). Adult males had a higher rate than adult females, as 5 adult males but no adult females were shot in selfdefense (Table 3 ). Natural mortality rates differed among sex-age classes (F3425 = 3.83, P = 0.010), with adult females having a higher rate than adult or subadult males. Twelve females died of natural causes: 3 in rock or snow avalanches, 1 in a collapsed den, 5 apparently by conspecifics, and 3 by unknown causes (Table  3) .
DISCUSSION
Grizzly bears, particularly those without access to anadromous salmon, occur at low den- Hovey and McLellan (1996) found the population had been rapidly increasing (X = 1.085, 95% CI= 1.032-1.136). Even for these 2 populations with very different trends, we still could not detect a significant difference in adult female survival rates, particularly when 2 other study area groups were added to an ANOVA. The power analysis further demonstrates this problem. A 5% difference in survival rate is biologically significant for grizzly bears (Eberhardt 1990), but we should have monitored many more grizzly bears of each sex-age class in each of the study area groups to detect this difference. Due to the difficulty of detecting statistical significance for the biologically significant phenomenon of a small difference in grizzly bear survival rates, we believe it is valuable to identify important trends even if statistical confidence may be lacking. Subadult male grizzly bears had lower survival rates than other sex-age classes, and this rate was consistent among study areas. Perhaps due to their large ranges (Blanchard and Knight 1991, Mace and Waller 1997b) and inexperience, young males are more prone to encounter human attractants and be killed as problem bears than other sex-age classes. Where hunting was permitted, both subadult and adult males were more likely to be legally harvested than females. Different vulnerability to hunting was likely due to females with cubs or yearlings being legally protected, males having larger ranges, and some hunters selecting large-bodied males.
Although grizzly bear hunting selects males over females and was permitted in some study area groups but not others, adult males had similar mortality rates in all areas except the Blackfeet-Waterton, where sample sizes were very small. Survival rates of adult males in our study areas were similar to the 0.84 recorded in a hunted population on Chichagof Island (Titus  and Beier The lack of difference or perhaps even higher survival rates of adult females in some multipleuse landscapes (e.g., NF Flathead, SelkirkYaak) compared to areas dominated by protected areas (e.g., Mountain Parks) is an important consideration in developing conservation strategies. Although few radiocollared grizzly bears died when inside park boundaries, grizzly bears had high mortality rates on the periphery. The high mortality rate along park boundaries is likely an indirect result of nearly 1 million people (i.e., Calgary metropolitan area) within a 1-2-hr drive, and approximately 43,000 residents and 28,000 hotel beds in occupied grizzly bear habitat of the Mountain Park study areas. Similarly, within the SF Flathead study area, Mace and Waller (1998) found that grizzly bears with home ranges entirely within multiple-use areas had higher survival rates than grizzly bears that also used rural settlements or designated wilderness areas. We suggest that the long-term conservation value of protected areas is not only related to the amount and quality of habitat they contain and their grizzly bear management programs, but also the number and activities of people using the protected area and adjacent lands. Multiple-use lands remote from human population centers may be critical to the longterm conservation of grizzly bears, provided that they are managed for low-density human use.
Most radiocollared grizzly bears died because people killed them. Hunting was a significant factor only in British Columbia, where it accounted for less than half the deaths. In more remote areas, a higher proportion of grizzly bear deaths probably would be from legal hunting because, with less human settlement, control killing would be reduced (Miller and Chihuly 1987). Results from remote study areas in Alaska suggest that between 78 and 100% of the human-caused deaths of radiocollared grizzly bears were from hunting (Schoen and Beier 1990, Reynolds 1993, Sellers 1994).
Biases
Using radiocollared bears to estimate survival rates and causes of death has potential biases. First, study areas were not located randomly. To obtain sufficient sample sizes, telemetry studies were sometimes located in or at least included areas where grizzly bears were relatively abundant and human influences less common. The NF Flathead and SF Flathead studies, which together contributed about half of the data, had little human settlement. Although a large proportion of grizzly bears likely lives in similar unsettled valleys, it is probable that grizzly bears in unsettled areas have higher survival rates and are legally shot by hunters or die naturally more often than grizzly bears that live closer to people.
A second potential bias of using radiocollared grizzly bears is that people may be less likely to shoot radiocollared grizzly bears but more likely to report the radiocollared grizzly bears that they do shoot. Radiocollars used were black or brown and were difficult to see on a living grizzly bear; however, some hunters or poachers may have avoided killing radiocollared grizzly bears. Due to these biases, it is likely that actual survival rates were less than reported here, and even a higher proportion of deaths were unknown to management agencies.
Finally, pooling data from several studies will weigh areas and time periods unequally; thus, results may not be representative of the entire study area group. The Mountain Parks study area group contained data from 6 studies, each with insufficient data to test if pooling was justified. Because most data came from 2 geographically large and recent projects (Eastern Slopes, Upper Columbia) and management goals have remained the same over the duration of all studies, we believe the data are representative of the area. Black bear and ungulate hunters killed a relatively high proportion of the radiocollared grizzly bears. Misidentification, self-defense, and problems associated with attractants such as garbage, food, and ungulate carcasses in hunting camps were often the reason for killing grizzly bears. Enforcement of existing rules on clean camping and stressing techniques for hunting in grizzly bear country during hunter training courses and in regulation synopses may reduce the number of grizzly bear mortalities associated with big game hunting seasons.
MANAGEMENT IMPLICATIONS
Managers should incorporate appropriate estimates of unreported kills in estimates of acceptable harvest rates. These estimates, however, remain uncertain but appear to depend on the amount of legal hunting and the degree that grizzly bears and people share habitat. In remote areas with legal hunting, managers will likely be aware of >70% of the grizzly bears killed by people. In areas without legal hunting and where people commonly live, work, and recreate in occupied grizzly bear habitat, the unreported number of bears that people kill is likely similar to the number reported.
Protected areas that are close to large human population centers may not always be suitable cores for grizzly bear conservation. Such protected areas may require intensive management of recreation, industry, and human settlement along their periphery to ensure long-term viability of local grizzly bear populations. The importance of well-managed multiple-use land should be recognized during conservation planning processes. If land-use plans for multipleuse areas can ensure no human settlement and low levels of recreational activity, then these areas may serve as source populations. 
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